Integration of the Salmonella typhimurium virulence plasmid into the chromosome reduces mouse virulence, serum resistance, and HeLa cell adhesion-invasion while prolonging lag time in minimal medium. The proposed virulence plasmid regulatory element, rsk, partially restores virulence and fully restores the other three phenotypes to wild-type levels. Plasmid curing reduces virulence without affecting the other phenotypes. rsk has no apparent effect on the cured strain.
While the virulence of Salmonella typhimuriumn for the mouse clearly requires functions encoded on the 95-kilobase virulence plasmid (4, (11) (12) (13) 20) , the identities and locations of genes associated with several traits have remained uncertain. Some studies suggest that all serum resistance structural genes of S. typhi,nuriilm are chromosomal (7, 11) , although other evidence either indicates that some such genes are on the virulence plasmid (13) or implies that the plasmid is required for their expression (14, 24, 25) . Similarly, although early studies suggested an association between the plasmid and adhesion-invasion of HeLa cells (16) , apparently chromosomal adhesion-invasion genes (8) function in the absence of the plasmid (11) .
Strains of S. typhinurniuim which carry a single copy of the 95-kilobase virulence plasmid integrated into the chromosome (24) are less serum resistant (24) , less adhesiveinvasive, and less virulent for mice (16) , and they have an extended lag phase of growth in minimal media (J. L. VandenBosch, Ph.D. thesis, University of Michigan, Ann Arbor, 1988). S. typhimiariiim CR6260, with such an integrated virulence plasmid, is restored to normal levels of serum resistance by introducing plasmids bearing a translationally inactive 66-base-pair sequence of the virulence plasmid called rsk (25) . The 21-nucleotide direct repeat motif of rsk suggests that rsk is a binding site for a regulatory element and may act as a titration site when isolated on high-copy-number plasmids (25) .
Since these phenotypic changes follow plasmid integration, all may reflect regulatory disturbances associated with rsk. Accordingly, we have examined the modulation of these traits by rsk. The evidence presented here suggests that r.sk may play a role in the regulation of S. tvphimmrimn virulence.
Two pairs of r.sk+ and r-sk mutant clones (pCF7212/ pCF7218 and pCF7188/pCF7203, respectively) were compared in strain CR6260 (25) and with the parental strain CR6600. Each plasmid pair differed only by the deletion of the 66-base-pair rsk sequence in the rsk mutant constructs (25) . Cultures and isolates were routinely examined (18) (16, 17) , was reversed by the rsk+ but not the rsk mutant clones (Table 2) . Invasion was measured after a 3-h period of attachment and internalization by killing extracellular bacteria with gentamicin (21) and releasing intracellular bacteria with 0.1% N-lauroyl sarcosine (Sigma Chemical Co., St. Louis, Mo.). The numbers of intracellular bacteria were normalized to the inoculum (108 bacteria) and then expressed as percentages of the normalized value of strain CR6600. The low numbers of intracellular bacteria of strain CR6260 were significantly increased (P < 0.001; Table 2 ) following the introduction of rsk' clone pCF7212 to levels statistically indistinguishable from that of parental strain CR6600. Increased invasion appeared to result from the increased adhesiveness ( Table  2) . As with invasion, the rsk mutant clone pCF7218 had no effect on adhesion.
Mouse virulence was examined in 8-week-old male BALB/cByJ mice (Jackson Laboratory, Bar Harbor, Maine) injected by the intraperitoneal route with 0.1-ml volumes of washed bacterial suspensions. Log LD10 values were calculated by probit analysis (9) .
Strain CR6260 is as avirulent for the mouse intraperitoneally (P < 0.001; Table 3 ) as it is per os (16) . The LD50 is restored to normal levels, however, following the introduction of the autonomous virulence plasmid pCF810 (P < 0.001; Table 3 ). The (25) , therefore, has clear pleiotropic effects on S. t'yphirnuriiin gene expression when tested in a strain with an integrated virulence plasmid, but not when examined in strains from which the plasmid has been cured.
The re-sults suggest that r-sk is involved in the coordinated regulation of these traits. It is unlikely that r-sk complements a defect in a structural gene common to each of the phenotypes, since the smallest r-sk + sequence is translationally inactive and only 66-base pairs in size. The role of r-sk in Physical state of the vir-ulence plasmid (24) . d Presence (+) or atbsence)(-) of the r-sk sequence in clones (25) . NA. Not applicatble. "Calculated by probit analysis (9) . Physical state of the virulence plasmid (24) . Presence )+) or absence (-) of the r-sk sequence in clones (25) . NA. Not applicable.
regulation is consistent both with a recent proposal (8) that aspects of S. typhirnriiriun virulence are regulated and with the recognized similarity of the DNA sequence of r-sk (25) to known binding sites of regulatory elements (1, 5, 6, 15, 23) .
A possible lesion(s) incurred by plasmid integration and reasons for the restoration of serum resistance by r-sk have been discussed elsewhere (25) . We have proposed (25) that r-sk normally functions on the autonomous virulence plasmid to control the production of a plasmid gene-encoded regulatory molecule. We speculate that this molecule could be a repressor, since with the exception of mouse virulence (11) , curing the virulence plasmid does not change these phenotypes, whereas plasmid integration apparently decreases their expression. The negative control of chromosomal genes by plasmid loci is similar to that of the calcium-limited growth of Yer-sinzia pestis (27) . It suggests that cured strains appear to be wild type for these traits either because gene expression is at or near maximal expression in broth culture or because strain CR6600 is capable of a more rapid genetic response. It is perhaps only when the regulatory system is perturbed, such as by plasmid integration, that the regulatory role of the plasmid becomes apparent.
Both serum resistance and adhesion-invasion appear to be involved in mouse virulence (7) . The contribution of a shorter period of adaptation to minimal medium may reflect the adjustment of the pathogen to nutrient-limited conditions within an animal cell vacuole. Virulence is undoubtedly multifactorial, involving processes in addition to those provided by chromosomal genes. At least one aspect of mouse virulence is encoded by the plasmid (11) , and it could be the expression of this latter plasmid gene(s) that r-sk does not restore.
The coordinate regulation of virulence and virulence traits is known in Y. pestis (27) , Bor-detellai per-tissis (26) , Vibriai (iloleruae (22) , and S. tvphimmriimn (3, 8) , and S. tvphimrilimn has regulons similar to those of Esu-heric-hi (0/li (2, 3, 10 
